Abstract-Goal: Accurate determination of the epileptogenic focus is of paramount diagnostic and therapeutic importance in epilepsy. The current gold standard for focus localization is from ictal (seizure) onset and thus requires the occurrence and recording of multiple typical seizures of a patient. Localization of the focus from seizure-free (interictal) periods remains a challenging problem, especially in the absence of interictal epileptiform activity. Methods: By exploring the concept of effective inflow, we developed a focus localization algorithm (FLA) based on directed connectivity between brain sites. Subsequently, using the measure of generalized partial directed coherence over a broad frequency band in FLA for the analysis of interictal periods from long-term (days) intracranial electroencephalographic signals, we identified the brain region that is the most frequent receiver of maximal effective inflow from other brain regions. Results: In six out of nine patients with temporal lobe epilepsy, the thus identified brain region was a statistically significant outlier (p < 0.01) and coincided with the clinically assessed epileptogenic focus. In the remaining three patients, the clinically assessed focus still exhibited the highest inflow, but it was not deemed an outlier (p > 0.01). Conclusions: These findings suggest that the epileptogenic focus is a region of intense influence from other regions interictally, possibly as a mechanism to keep it under control in seizure-free periods. Significance: The developed framework is expected to assist with the accurate epileptogenic focus localization, reduce hospital stay and healthcare cost, and provide guidance to treatment of epilepsy via resective surgery or neuromodulation.
I. INTRODUCTION
A SSESSMENT and quantification of the interactions between different variables in a multicomponent system is essential for understanding the underlying mechanisms of the dynamic behavior of the system and has been employed in diverse scientific fields ranging from economics to neurophysiology. The task has proven to be multifaceted and numerous methods and measures have been proposed to capture different aspects of these interactions. Although different measures of connectivity are inherently related, being different interpretations of correlation or Granger's causality principle [1] , their properties and capabilities vary. Measures of connectivity in the frequency domain can provide robust estimates of the interactions between individual components of a system at specific frequencies, rendering them useful for analysis of biological signals such as the electroencephalogram (EEG) [2] .
Connectivity analysis of the EEG can provide information at the level of interactions between brain regions. It can also be used to extrapolate characteristics of individual regions from their interregional interactions. Toward this goal, connectivity measures, such as coherence [3] , partial coherence (PC) [4] , directed coherence (DC) [5] , [6] , directed transfer function (DTF) [7] , and partial DC (PDC) [8] , have been applied to the study of brain dynamics. Applications include epileptogenic focus localization [9] - [12] , sleep stage analysis [13] , cognition studies [14] , Alzheimer's disease [15] , and reflex (photosensitive) epilepsy [16] . In this paper, we focused on the measures of directed connectivity and our principal aim was threefold.
1) Investigating the nature of the interactions different measures of directed connectivity can capture.
2) Selecting a meaningful measure of directed connectivity in the study of EEG signals.
3) Using this measure for development of a novel focus localization algorithm (FLA) that would reliably localize the epileptogenic focus from seizure-free (interictal) periods.
Epilepsy is among the most common disorders of the nervous system and affects 1%-2% of the world's population [17] . The hallmark of epilepsy is recurrent seizures and, if seizures cannot be controlled, the patient experiences major limitations in family, social, and educational activities [18] . The seizures are manifested as sudden abnormal synchronous neuronal firing 0018-9294 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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that disturbs brain's normal operation and may begin locally in portions of the cerebral hemispheres (partial/focal seizures with a single or multiple foci) or simultaneously in both cerebral hemispheres (generalized seizures).
The mainstay for treatment of epilepsy today is pharmacological. Nonetheless, 30%-40% of patients with epilepsy have seizures that are refractory to antiepileptic drug (AED) therapy [19] . For these patients, surgical treatment is one of the options for seizure control, with the second being neuromodulation. Surgical treatment (ablation of focus) can be effective in selected cases, usually 8%-10% of the total number of patients with epilepsy [20] . In such carefully selected cases, good responses to surgery occur in approximately 70%-90% of adult patients with complex partial seizures due to mesial temporal sclerosis [21] - [23] . However, the response rate drops off markedly to 50%-60% in patients with extratemporal epilepsy [24] , [25] and to 40%-45% in patients with nonlesional neocortical epilepsy.
Localization of the epileptogenic focus clinically is a multistep process, typically involving seizure semiology, neuropsychological tests, imaging and source modeling of interictal epileptiform discharges (spikes). Visual inspection of the electrographic (EEG) activity at seizures' onset still constitutes the gold standard for localizing the epileptogenic foci. Localization of the epileptogenic focus requires a long stay (days) of the patient in a well-controlled, EEG recording clinical environment, the epilepsy monitoring unit (EMU), and has variable rates of success. For example, up to 20%-50% of pediatric EMU evaluations do not capture any epileptic events [26] . In a mixed group of children and adults who attained postoperative seizure freedom, the EEG had correctly localized the focus only 70% of the time, and even less so in extra-temporal epilepsies [27] .
Robust localization of the epileptogenic focus from analysis of interictal EEG is still an unfulfilled task. This would be a very significant advancement as there might be no need for patients to be admitted to EMUs and endure seizures according to the current gold standard. We herein propose an FLA that can reliably localize the epileptogenic focus from interictal periods of EEG data. The algorithm is based on the estimation of connectivity between sites in the epileptic brain by the generalized PDC (GPDC) [28] , a measure that quantifies what we have called "effective inflow" at brain sites. Effective inflow measures the effect a directed connection between two sites has to the receiving site of the connection. Conceptually, the effect of an interaction will depend not only on the actual strength of the interaction, but also on the relative scales (strength) of the interacting parts. We show with numerical and theoretical examples how critical to the generation of meaningful results is the choice of the normalization scheme that a measure of directed coupling is employing toward satisfying both of the above components of the concept of the "effective inflow." We then apply the FLA to interictal intracranial EEG (iEEG) from nine patients with focal epilepsy and show that the performance of our analytical framework is superior when the concept of effective inflow is taken into consideration. A preliminary version of this work was reported in [29] . 
II. METHODS AND MATERIALS

A. Interpretation of Directed Connectivity
Measures of directed coupling assess the existence of interaction between the components of a system on the basis of Granger causality [1] . The Granger causality principle states that a signal X "Granger-causes" signal Y if "past values of X contain information about the future values of Y above and beyond the information contained in the past values of Y alone." In the context of brain connectivity, the directed coupling is typically associated with "information flow" (inflow and outflow) between different recording sites. Two questions that arise in this interpretation are as follows: 1) What is the nature of this "information" flow? 2) What do measures of directed coupling quantify?
Regarding the first question, if we assume that the outflow of X corresponds to the transmission of (some abstract type of) information from X to Y , and the inflow to Y corresponds to the reception of this information by Y , it is simple to infer that these two quantities may not be the same. Fig. 1(a) illustrates some possible cases of such directed interactions. The case where X generates information but Y never receives it (case iii) is not the same as the one that X generates no information and hence Y receives no information from X (case iv). Given that measures of directed coupling assess the interaction on the basis of the effect of X on Y , it is evident that these two cases would be indistinguishable on the basis of Granger causality. A similar conclusion can be reached where transmission of different amounts of information from X has the same effect on Y (cases i and ii). Therefore, whereas the outflow view is problematic, the inflow view of strength of interactions appears to be more consistent with Granger causality.
Furthermore, extending the above rationale, we can claim that in a case where large amount of information is transmitted from X to Y , but Y is "minimally" affected, the measured directed coupling from X to Y would have less value than in a case where a small amount of transmitted information from X elicits a large effect on Y . This is related to the second question 2) above about the actual meaning of the measured value of directed coupling. Fig. 1(b) shows an example of a two-component system along with assumed lossless "information" flows between its components. One could formulate three possible quantifications of the existing interactions in this system. 1) Nonnormalized measures
2) Normalized measures with respect to the receiver
3) Normalized measures with respect to the transmitter
It is evident that the three quantification schemes above provide completely different information about the interactions between X and Y . Schemes 1) and 3) indicate a larger information flow from X to Y than Y to X (albeit of different strengths), while 2) indicates the opposite. We note here that while all three formulations are sound, each formulation has a different meaning that is discussed further in the next section.
The above observations imply that directed connectivity measures may not reliably quantify information transfer and thus should not be used as measures of "information" flow. However, the concept of "effective inflow" we introduce is compatible with Granger causality. The term "inflow" is justified within the context of question 1) and the observations from Fig. 1 . The use of the term "effective" is justified from the discussion of question 2) and from the basic property of Granger causality that emphasizes the effect of the existing interactions [30] . Thus, a measure of the directed interaction from X to Y , that monotonically increases in value the larger the effect of X is on Y , would be in alignment with the concept of "effective inflow."
B. Measures of Directed Interactions
A sizable "family" of connectivity measures is derived from the representation of signals in the frequency domain. The GPDC and DC measures are examples of such measures (we note that the commonly used measures of PDC and DTF in the literature are variants of GPDC and DC, respectively).
Let X (t) = (X 1 (t), . . . , X n (t)) be the n-dimensional vector representation of n simultaneously recorded signals (e.g., EEG signals X i (t) recorded at the i th th brain site with i = 1, . . . , n). Then, a vector autoregressive model of order p (VAR(p)) can be constructed for X as [31] 
where A(τ ), τ = 1, . . . , p, are p in number n × n coefficient matrices with innovation vectors (t) ideally following a multivariate Gaussian white noise process. Taking the discrete Fourier transform of both sides of (1), we obtain
where I is the n × n identity matric, B (f ) = I − p τ =1 A(τ )e −i2π f τ and X(f ), (f ) are the original signal and innovation vector process in the frequency domain, respectively.
Using the spectral factorization theorem [2] , [32] , the GPDC measure is then defined as
where σ ii are obtained from the covariance matrix
..,n of the innovation processes (t), and B ij (f ) is the (i, j) th th element of the matrix B(f ). Traditional PDC is a simplification of GPDC, where σ ii 's are set to 1 in (3). The nomenclature for GPDC is due to the measure's ability to detect only partial (direct) interactions between system's variables in the frequency domain. In addition, GPDC is scale-invariant and more computationally efficient than other frequency-based connectivity measures.
The other directed measure, DC, can also be obtained from the VAR model in (1) by rewriting (2) as
where
is the transfer function of a linear system with input (t) and output X(t). DC is then defined as
with H ij (f ) being the (i, j) th th element of the transfer matrix H(f ). The widely used measure of DTF [7] can then be obtained from DC by omitting σ ii in (5) (similar to the GPDC-PDC relation).
In general, a zero value in the (i, j) th th entry in the matrix B(f ) or H(f ) indicates no directed interaction (no causal relation) from j to i. Quantification of the strength of interaction in the case of nonzero (i, j) entry can be done by normalization of the (i, j) entry value with respect to the other entries in the matrix and to the innovations variance, as for example in the definitions of GPDC and DC (see (4) and (5)). For consistency, throughout the rest of the paper, we will denote the source with j and the receiver with i indices. We note here the relation of effective inflow and GPDC. The effect of an interaction from j to i will depend on B ij (f ) (the strength of the interaction), and the σ ii 's (the "scales" of the signals). In (4), G j →i (f ) increases monotonically with respect to B ij (f ), as also with 1/σ ii . This second case can be understood as the smaller the "scale" of the receiver (its own dynamics), the higher the effect of interaction. This aspect of the effect of the interaction is completely overlooked by PDC, which disregards the σ ii values. Similar considerations can be used for DC and DTF. Concluding, GPDC and DC are more appropriate measures to quantify what we have termed as effective inflow.
Comparative analyses between DC, DTF, GPDC, and PDC with respect to their meaning and performance in detecting directed interactions exist in the literature [2] , [33] - [38] . However, it is important here to examine the main differences between these measures. 1) DC/DTF Versus GPDC/PDC: From (2) and (4), it is evident that GPDC and PDC quantify the interactions between system components at the level of signals X, whereas DC and DTF do this at the level of the innovation processes . Thus, in a sense, DC and DTF evaluate the causality relation between the innovations and the original signals, and not between the signals themselves. This results in DC/DTF capturing not only direct but also indirect (cascade) interactions [8] . In general, due to such cascade interactions, DC/DTF values are difficult to relate to the true strength of the interactions, and can lead to erroneous conclusions. Eichler [33] showcased that direct and indirect interactions can cancel out and thus render zero values to DTF. This shows that DTF measures the total effect variable j may have on variable i, while multivariate Granger causality measures (such as GPDC) are concerned only with the direct effect j has on i. Therefore, the first difference between DC/DTF and GPDC/PDC is that DC and DTF can be considered as variablespecific measures, while GPDC and PDC as connection-specific measures.
The second difference between DC/DTF and GPDC/PDC is the employed normalization. DC/DTF is defined as the ratio between the "flow" from component j to component i over the sum of all the "flows" to component i (see (5) ), taking its maximum value of 1 when i receives "flow" only from j (i.e., i's behavior is fully explained by j's behavior alone). Conversely, GPDC/PDC is defined as the ratio of the "flow" from component j to component i over all the "flows" originating from j (see (3) ), taking the value 1 only when no other component except i has "flow" that originates from j (i.e., j fully explains i and only i's behavior). It is worth noting that the differences in normalization and interpretation of the two methods arise naturally from the fact that DC is a factorization of coherence, while GPDC is a factorization of PC [2] .
2) GPDC/DC Versus PDC/DTF: The measures of PDC and DTF are not scale invariant. Winterhalder et al. [39] showed that innovations with significantly different variances can lead to false detection of causality, even in the case of totally independent processes, and that a renormalization of the innovations covariance matrix to a unitary matrix solves this problem. It is easy to show that this renormalization and subsequent estimation of PDC and DTF is equivalent to the estimation of GPDC and DC, respectively [34] . It is noteworthy that another commonly used approach to solve the scale invariance problem is to rescale the original data to a common mean and variance (typically zero mean and unitary variance). However, this approach does not have any theoretical justification, and is not equivalent to the renormalization of the innovations variance [28] . We showcase the above differences between the measures via a simple example in the following section. 
C. Comparison of Directed Coupling MeasuresAn Example
Assume the following VAR(1) system of a single source X driving six different receivers Y i , i = 1, 2, . . . , 6 via direct and one-way (X → Y i ) interactions as follows:
x(t + 1) = 0.5x(t) + e(t + 1) y 1 (t + 1) = 0.5x(t) + e 1 (t + 1) y 2 (t + 1) = 0.5x(t) + 0.4e 2 (t + 1) y 3 (t + 1) = 0.5x(t) + 2e 3 (t + 1) y 4 (t + 1) = 0.3y 4 (t) + 0.5x(t) + e 4 (t + 1) y 5 (t + 1) = 0.5y 5 (t) + 0.7x(t) + e 5 (t + 1) y 6 (t + 1) = 0.3y 6 (t) + 0.7x(t) + 1.4e 6 (t + 1) (6) with e(t) and e i (t) zero-mean and unitary variance-independent Gaussian white noise processes (N (0, 1) ).
In order to quantify the effect of the coupling on the receiver variables Y i , we estimated the Pearsons' correlation coefficients ρ(Y i , Y i * ) between Y i and an "uncoupled realization" Y i * , that is, when all the innovation terms e are kept the same but the coefficients of X in the last six equations of system (6) are set to 0. Fig. 2 shows segments of the time series Y i and Y i * . We observe that variable Y 2 seems to be more affected by X than the other five Y i variables.
The GPDC, DC, PDC, and DTF values for the interactions from X to Y i are shown in Table I . We also include the values of nPDC and nDTF measures, that is, the PDC and DTF values estimated from the scale-normalized X and Y i (their mean is subtracted and then divided by their standard deviation). The values in Table I are averages of the measures over the full normalized frequency domain (0 to 0.5 Hz) estimated directly from the VAR(1) system. In the last column of (6) . These two measures ultimately capture and quantify this "structural" aspect of the interactions in the model. On the contrary, GPDC and DC (second and third columns in the table, respectively) do not correlate well with the X coefficients in (6) but with the effect of the coupling (as shown byρ(i)), with their values increasing almost monotonically withρ(i). Finally, the scale-normalized nDTF and nPDC do not show any correspondence with either the VAR model coefficients orρ(i).
In agreement with our qualitative conclusions in Section II-B, GPDC and DC are the only measures out of the six considered measures of directed coupling that capture the "effective inflow" in this case.
We could also use this example to further illustrate the significance of the "inflow" nature of the interactions. Let us consider the case of a two-component system comprising of X and Y 1 that after some time evolves to X and Y 2 . The change in the value of the coupling measure (either GPDC from 0.25 to 0.62 or DC from 0.46 to 0.76) does not reflect a change in the source X (since X is unaltered) but a change in the receiver from Y 1 to Y 2 . Of course an equivalent change in the measures' values could also be seen if X changed while Y 1 remained the same. However, even in this case, the numerical value of the estimated coupling by GPDC or DC would still reflect the change in the receiver's dynamics.
D. Application of the "Effective Inflow" Concept to Epileptogenic Focus Localization
The brain may be considered a network of directionally connected nodes, where the connectivity between nodes can be estimated by any of the measures presented in Section II-B. In this section, we present the formulation of FLA on the basis of GPDC between brain sites. Extension to the other measures of connectivity is straightforward.
We divide an available interictal EEG record into nonoverlapping epochs of T seconds in duration and estimate the directed coupling measures per epoch and frequency f . Then, the average of these values over a given frequency range (f 1 , f 2 ) Hz is estimated per epoch. This average GPDC is denoted bȳ
. Finally, we define the total inflow at a node i as the sum of all "flows" toward i from the rest of the nodes j = 1, . . . , n, with j = i, as
(7) Fig. 3 . Focus localization algorithm (FLA).
Step A: The available interictal EEG record is divided into T -second sequential epochs and the connectivity measures (e.g., GPDC) are estimated at all frequencies for each epoch.
Step B: The average GPDC (Ḡ j →i (f 1 , f 2 )) over a selected frequency range [f 1 , f 2 ] for all pairs of sites (i, j) are estimated.
Step C: The IG i per site i is estimated and the site that exhibits the maximum total inflow is determined.
Step D: Steps A-C are repeated for all subsequent T -sec EEG epochs and the percentage PT of epochs for which each site exhibited the maximum IG i is obtained. Sites with statistically significant higher maximum total inflow (outliers according to Grubb's test) are candidate epileptogenic focal sites and denoted by ( * ). We note that index IG i in essence relates to the total effect exerted on i from all other sites.
We schematically show the steps of FLA in Fig. 3 . From a T -sec EEG epoch, the site i that exhibits the highest inflow IG i is found (Steps A, B, and C). By repeating this procedure for all available epochs, the percentage of epochs for which each site is found to have the highest inflow of all sites is estimated. Using Grubbs' test for outliers [40] at a significance level α, we identify the sites that most frequently exhibit the highest inflow compared to the rest of the sites over the available EEG record.
E. EEG Data
Long-term iEEG recordings from nine patients (five male and four female) with temporal lobe epilepsy, performed as part of presurgical evaluation at the EMUs at Shands Hospital, Gainesville, Florida and Barrow Neurological Institute, Phoenix, Arizona, were analyzed. The patients had given informed consent for analysis of their EEG data. Relevant information for each patient is provided in Table II . Seven patients (patients 1-7) underwent stereotactic placement of bilateral depth electrodes in the hippocampi (LTD1 to LTD6 and RTD1 to RTD6). Subdural strip electrodes were placed bilaterally over the frontal lobes (LOF1 to LOF4 and ROF1 to ROF4), and over the temporal lobes (LST1 to LST4 and RST1 to RST4). EEG signals were recorded by a Nicolet BMSI 4000 EEG machine using an average common reference and bandpass analog filter settings of 0.1-70 Hz. The data were sampled at 200 Hz with a 10-bit quantization. The electrode montage used in these patients is shown in Fig. 4(a) .
In the other two patients (patients 8 and 9), stereotactic placement of depth electrodes was performed using the Kelly frame system, under the magnetic resonance guidance. Flexible Adtech depth electrodes with custom spacing and bilaterally symmetric positioning were placed in amygdala (LA1-8 and RA1-8), mid hippocampus (LH1-4, RH), orbitofrontal areas (LO1-4, RO1-4), and in frontal cortex from superior sagittal region near supplementary motor area and cingulate (LOF1-4, ROF1-4). EEG was recorded by a Nicolet BMSI 6000 EEG machine. EEG signals were recorded with an average common reference and bandpass analog filter settings of 0.5-70 Hz. The data were sampled at 400 Hz with a 12-bit quantization, downsampled to 200 Hz and subsequently analyzed in the same way as the data from patients 1 to 7. The electrode montage used in these patients is shown in Fig. 4(b) .
The EEG record from each patient was divided into epochs of T = 10 s in duration (2000 EEG samples/epoch), short enough to account for nonstationarity in the data [41] - [43] and long enough to allow for a stable estimation of the coefficient matrices in the VAR model [44] . An exploratory study based on Schwarz's Bayesian Information Criterion [45] showed a maximum order of 7 for the VAR model. The estimation of the model coefficients was performed by the Vieira-Morf partial correlation method [3] , [46] . Ictal periods and the surrounding 5 min pre-and postictal periods in the available iEEG recordings were excluded from the analysis. Analysis was performed in the traditional frequency bands (δ, θ, α, β, γ), as well as the full-frequency band (0.1 to 50 Hz). No artifact rejection procedures were employed, but certain periods of data (longer than 1 h of continuous EEG) heavily contaminated with noise due to electrode or amplifier problems were discarded after visual Table II represent the total length of the analyzed data per patient.
inspection. The duration values reported in
III. RESULTS
Our previous application of FLA to interictal iEEG from three patients with temporal lobe epilepsy, as well as interictal magnetoencephalographic recordings from patients with extratemporal focal epilepsy, showed promising results with respect to localization of their epileptogenic focus [29] , [47] . We herein show results from the application of FLA to an expanded set of long-term (days) interictal iEEG recordings from nine patients with temporal lobe epilepsy.
A snapshot of the matrix of the directed connectivity index G j →i (0.1, 50 Hz), estimated from 1 h of interictal EEG data from one of the patients (Patient 6-average GPDC over the 1 h), is shown in Fig. 5(a) . We observe strong connectivity within the epileptogenic focus (RTD-right hippocampus) and moderate connectivity between the right hippocampus and the ipsilateral subtemporal cortical region (RST). We note that, although the contralateral to the focus brain region (LTD-left hippocampus) also has strong connections within itself, there are no strong connections with its ipsilateral subtemporal cortical region (LST). Similar patterns were observed across patients with strong connections being present either within the same brain structure and/or between neighboring brain regions. Fig. 5(b) shows the IG i values per site i over a long portion of the recording (3 days) from the same patient. It is evident that one electrode site in the right hippocampus (RTD3-a focal electrode) exhibits the highest IG i values most frequently during this interictal period.
In the following sections, we present the dependency of FLA on the different employed measures (Section A), the overall results (Section B), and the dependency of FLA on the frequency content of the EEG (Section C). Overall, FLA produced most consistent results across patients when directed coupling was estimated over the full-frequency band (0.1 to 50 Hz) and only these results are presented in A and B.
A. Dependency of FLA Performance on Directed Coupling Measures Employed
Employment of GPDC to measure brain's connectivity produced the most consistent results across patients for localization of their epileptogenic foci. Representative results of the different measures of directed connectivity discussed in Section II-B are shown in Figs. 6 and 7 from two of the nine patients (patient 7 with clinically assessed focus at LTD and patient 8 with focus at LA) over the full-frequency band. For patient 7 (see Fig. 6 ) we see that employment of GPDC, DC, PDC, and DTF (top four panels) points to the clinically assessed epileptogenic focal sites (left hippocampus), whereas scale-normalization of the data (denoted as nPDC and nDTF; two bottom panels) points to RST, while the focal sites (LTD) exhibit a complete absence of high total inflow. For patient 8 (see Fig. 7 ), the results are quite different. Only the use of GPDC allows us to observe most frequent maximum total inflow at the focal sites. For the other measures, although focal sites exhibit maximum total inflow for some period of time, the most frequent maximum total inflow is observed nonfocally.
B. FLA Results Across Patients
The results from the application of IG i -based FLA over the full-frequency band (0.1, 50 Hz) for all nine patients are presented in Fig. 8 . In six out of the nine patients the focal sites determined by FLA were within the clinically assessed focal region at the α = 0.01 significance level. In the remaining three patients (Patients 1, 4, and 5; panels (g), (h), and (i), respectively), no brain site exhibited more frequent maximum total inflow than the rest of the sites at the tested significance level, even though the sites that were clinically assessed as focal sites had the highest percentage of time with maximum total inflow. An interesting observation for the two of the three patients for whom FLA could not reach statistical significance is the fact that clinical assessment of the focus was not as clear as in the other patients. In particular, in Patient 5 [panel (i) ], although the majority of the clinical seizures (6 out of 7) originated from LTD, most of his subclinical seizures (14 out of 16) originated from RTD. FLA for this patient generated high values for both LTD and RTD, with higher values at LTD, but not statistically significant outliers, possibly implying a more widespread focus/foci than the clinically assessed focus LTD. Similarly, Patient 4 [panel (h)] had some subclinical seizures of subtemporal cortical onset (RST) in addition to the clinical seizures at RTD.
The focus localization results by employing the other five measures of connectivity were considerably worse (see Table III ). Use of PDC, nPDC, or nDTF completely failed to identify the focus in all patients. DTF produced good results only for one patient out of the nine. Finally, FLA utilizing DC instead of GPDC had the second best performance after GPDC, with correct identification of the focus in five out of nine patients, complete failure for three of the four patients (wrong localization-results not shown) and no localization in the remaining patient. Omitting the outlier's test (see Table III , third column) shows that only according to GPDC all patients had the maximum total inflow at the clinically assessed epileptogenic focus. Jeffreys 95% confidence intervals for the 2/9, 5/9, 6/9, and 9/9 percentages reported are (5%, 54%), (25%, 82%), (35%, 90%), and (76%, 100%), respectively [48] .
These results strongly suggest that the effective inflow provides a more meaningful characterization of the interactions between the various sites in the epileptic brain. The slightly better performance of GPDC-based FLA over the DC-based FLA indicates that the employment of direct (GPDC) versus cascade (DC) interactions may be more useful in localization of the epileptogenic focus from interictal EEG.
C. Dependency of FLA Performance on Frequency Bands
The dependency of FLA results on the selected frequency band(s) is representatively shown for one patient (patient 6) in Fig. 9 . We compare the percentage of time each site i receives maximum total inflow (IG i ) from the rest of the sites when the directed connectivity indexḠ j →i is estimated over the tra- representative of our analysis across all patients, with variations per frequency band. For example, in some patients, focal sites exhibited most frequent maximum total inflow at low-frequency bands, whereas in others (such as Patient 6) at high-frequency ones.
IV. DISCUSSION
Accurate localization of the epileptogenic focus is a cornerstone for the diagnosis and surgical treatment of epilepsy. The current gold standard for focus localization requires lengthy and expensive stay at the controlled environment of an EMU for patient's typical seizures to occur and the brain's region that initiates them to be identified. Accurate and robust focus localization without seizure occurrences (i.e., interictally) is a very desirable but still unfulfilled goal. We herein proposed a novel FLA that, based on the interictal directed connectivity analysis of the EEG, produced promising results toward this direction in a cohort of nine patients with focal epilepsy. The key in our analysis was the concept of effective inflow. We studied this concept with simulation examples and application to intracranial long-term EEG data. Results from nine patients with temporal lobe epilepsy show that FLA analysis of interictal (seizure-free) iEEG can correctly localize the epileptogenic focus. In particular, the IG i -based FLA analysis of the iEEG indicated that the epileptogenic focus interictally exhibits highest most frequent increased effective inflow. This was observed in all nine patients and was a statistically significant outlier (α = 0.01) in six of them. This indicates that even though the focus may not necessarily be the dominant "receiver" through hardwired connections with the rest of the brain, it is the most affected by existing connections interictally.
From a physiological point of view, the epileptogenic focus in patients with temporal lobe epilepsy has been found to be hypometabolic relative to other brain sites during the interictal period [49] - [51] . Our present findings could be an electrographic representation of this metabolic behavior of the epileptogenic focus. Also, recent findings from control studies with biologically plausible models of the epileptic brain have suggested that the focus is interictally controlled by the other brain sites and that seizures occur only when this internal control mechanism fails [52] - [56] . This could be in alignment with the results of this study if the effective inflow to the focus interictally is the manifestation of this control mechanism. We note that the use of outflow for focus localization from interictal spikes and seizures, or lateralization of the focus has produced interesting results in the literature [57] - [60] . During epileptiform activity, the failing of the control mechanism could be perceived as a decrease of inflow to and/or increase of outflow from the focus.
In our comparison of measures of directed interactions, GPDC and DC were proved to perform better for localization of the epileptogenic focus than the other measures/approaches tested. This indicates that the notion of effective inflow is essential for a more meaningful quantification of the interactions in the context of the FLA. The GPDC/DC measures incorporate an inherent normalization that results in estimation of the strength of interactions from a system with "unitary inputs" [34] . Conversely, normalization of the EEG data and subsequently estimating PDC/DTF corresponds to interaction strength values in a system with "unitary outputs." This difference seems to be crucial in the performance of our FLA and the failure of PDC/DTF can be attributed to this (correct focus localization in at most two out of nine patients, see Table III) . Intuitively, the interactions in a system are more clear under a formulation of unitary inputs than outputs, in the same sense that Pearson's correlation coefficient is more appropriate than covariance when studying the strength of association.
The DC/DTF measures have the drawback that they do not distinguish between direct and indirect connections, whereas GPDC/PDC do. This may introduce ambiguity in the interpretation of the total inflow, since the indirect connections would artificially increase its value. The marginally better performance of GPDC over DC-based FLA indicates that this aspect can influence the results and has the potential to lead to wrong conclusions.
Out of the various measures of directed interactions in the frequency domain, we focused on four measures (GPDC, PDC, DC, DTF) that have a solid theoretical background in the context of the spectral factorization theorem [32] . Many of the other related measures (e.g., direct DTF [61] , renormalized PDC [36] ) are empirical in construction, lack the theoretical context, and provide ambiguous interaction strength values. This ambiguity is problematic for an algorithm if the actual values of these measures are utilized.
Further improvement of the FLA could be achieved by optimization per patient, for example, by considering patientspecific frequency bands. Use of the wide frequency band (0.1 to 50 Hz) could correspond to a purely time-domain connectivity estimate like conditional Granger causality index (CGCI) [62] , but a limited comparative analysis of GPDC-and CGCIbased FLAs showed that CGCI underperforms GPDC. Different methods for estimation of the VAR model, or use of time-varying VAR models may also improve the performance of FLA. A limited investigation on this indicated that other model coefficient matrix estimation methods (e.g., OLS, MLE) for the VAR model did not significantly change our results. Also, a time-varying VAR model we employed exhibited worse results than the time invariant one. Time-varying models and adaptive GPDC may perform better when strong nonstationarities are present in the data (like interictal epileptiform spikes or during seizures).
The elevated interictal inflow to the epileptogenic focus was a cumulative result over hours/days of EEG recordings. It would be interesting to study the inflow in shorter records, or its dynamics over time. In theory, 1 h of data (360 segments of 10 s each) should be enough for the application of the outlier detection procedure. However, following such an analysis, we observed a large variability of results across patients. For some patients, the majority of the 1 h EEG segments correctly localized the focus (90%), while for others, this percentage was much smaller (50%). This issue could be clarified if the patient's condition, such as awareness (e.g., awake versus asleep), the level of AEDs, or proximity of the analyzed EEG segments to seizures were taken into consideration. Such investigations may lead to development of new methods for the evaluation of the treatment of epilepsy, seizure susceptibility, and seizure prediction by monitoring the level of effective inflow to the focus over time.
V. CONCLUSION
In this study, we investigated the characteristics of measures of directed connectivity by incorporating the concept of "effective inflow." We subsequently applied this concept to EEG data from epileptic patients to address a still unresolved problem: the reliable identification of the epileptogenic focus from seizure-free periods. We showed that accurate interictal localization of the epileptogenic focus from iEEG is possible irrespective of the presence or absence of any interictal epileptiform activity (epileptic spikes, spike-and-waves, etc.). Our findings have diagnostic (faster, more accurate, and without the need for seizures occurrence for localization of the epileptogenic focus) and therapeutic (where to resect in surgical or stimulate in neuromodulation treatments) implications in epilepsy. The devised framework could additionally assist with localization of pathologies in other than epilepsy brain dynamical disorders, as well as with analysis of the dynamics in the healthy brain.
